During high power heating with waves in the ion cyclotron range of frequencies (ICRF), the distribution function of the resonating ions becomes non-Maxwellian and an anisotropic tail develops mainly in the perpendicular velocity direction. The evolution of the distribution function can be described by a quasi-linear diffusion operator in phase space. Owing to finite Larmor radius (FLR) effects, the diffusion coefficient in this operator varies with the gyro-radius normalised with the wavelength. At certain ion energies the diffusion coefficient can become strongly reduced, effectively preventing resonating ions from reaching higher energies. In this article we report on measurements which show a significant difference in the distribution function between different scenarios for heating of hydrogen ions in JET. Comparison with theoretical calculations shows that these differences can be explained by higher-order FLR effects on velocity space diffusion during ICRF heating. The importance of these effects on the power deposition is also emphasised.
INTRODUCTION
Heating with waves in the Ion Cyclotron Range of Frequencies (ICRF) is a well established method for auxiliary heating of present-day tokamak plasmas, and its potential for heating of reactor plasmas has recently been demonstrated using deuterium-tritium plasmas on JET [1] and TFTR [2] . ICRF heating is also envisaged as one of the main heating methods for ITER and future reactor plasmas. In order to predict the performance of ICRF heating in future machines, it is important to benchmark present theoretical modelling with experimental results.
In recent years reliable measurements of the distribution function of resonating ions in the MeV energy range, using a neutral particle analyser (NPA), have become quantitatively established [3, 4] . It has become possible to search for distinct features in the measurements which can be identified with particular physics processes. Such identification helps us to validate the present modelling of ICRF physics, which is important for confidence in predictions of the performance of ICRF heating in future machines.
In this article we report on measurements showing a significant difference in the ion distribution function between two different scenarios for heating of hydrogen ions in JET. It is found that these differences can be attributed to higher-order finite Larmor radius (FLR) effects on the diffusion coefficient in the quasi-linear operator which is used to model the evolution of the distribution function. Although the correct dependence of this diffusion coefficient with respect to the Larmor radius was established early [5] , its importance is often neglected by considering only the leading order terms. For example, Stix's analytical expression [5] for the distribution function during fundamental minority heating, which neglects FLR effects, is often used for interpretation of experiments. Although this expression approximately gives the right stored energy in the fast ions (in the limit of strong ICRF heating the energy density in the fast ions is given by w pt f s ≈ / 2 irrespective of FLR effects, where p is the local power density and t s the ion-electron slowing down time), it cannot be used for detailed comparisons with measurements of the ion distribution function. Furthermore, since the absorption strength, governed by the anti-Hermitian parts of the dielectric tensor components, in the wave propagation calculation must be equal to the absorption strength in the calculation of the velocity distribution, FLR effects are of equal importance for both processes. The absorption strength in power deposition calculations can be significantly affected by FLR effects [6, 7, 8] ; nevertheless, in many power deposition codes the dielectric tensor components are only expanded to second order in gyro radius. In this article we present a comparison between measured and simulated distribution functions which clearly illustrates the importance of properly taking the higher-order FLR effects into account in modelling of the ICRF power deposition and distribution functions of resonating ions.
THEORETICAL BACKGROUND
In an axisymmetric toroidal device it is possible to reduce the Fokker-Planck equation, which describes the wave particle interaction, to three dimensions by averaging the distribution function over unperturbed particle orbits, see e.g. Ref. [9] . The velocity distribution f of the ions resonating with the wave is then a function of three invariants of the unpertubed particle motion.
The orbit averaged Fokker-Planck equation reads
where L denotes averaging over a drift orbit, C is the collision operator and Q is the quasilinear ICRF operator. In order to write the quasi-linear ICRF operator in a more explicit form, we use the frequently employed set of invariants E P , , Λ ϕ ( ) where E is the ion energy, Λ = µB E 0 / , µ is the magnetic moment, B 0 is the magnetic field at the axis, P mR Ze
p is the toroidal angular momentum and ψ p is the poloidal flux. Furthermore, m is the mass, Ze is the charge, R is the major radius coordinate and v ϕ is the ion velocity component in the toroidal direction.
With these invariants the orbit averaged quasi-linear ICRF operator takes the form
where N is the toroidal mode number of a Fourier component of the wave field, ω is the wave frequency and ω c0 is the ion cyclotron frequency at the magnetic axis. The diffusion coefficient
where the integral is over an ion orbit, v ⊥ is the perpendicular velocity, k ⊥ is the perpendicular wave number of the ICRF wave, J n is the Bessel function of first kind, n indicates the harmonic of the ion cyclotron frequency ω c (e.g. n = 1 for fundamental and n = 2 for the second harmonic ICRF heating), E + and E − are the left and right hand component of the electric wave field, respectively, and r v g is the guiding centre velocity. 
where subscript R refers to a quantity evaluated at a stationary point, i.e. at a resonance. Near a tangency resonance an alternative formula must be used but it has the same dependence on the ion Larmor radius as Eq. 2 / , the fast ions can effectively be prevented from reaching higher energies. In sections 3 and 4 we will present experimental evidence indicating that higher-order FLR effects play a significant role for the velocity space diffusion by comparing calculated distribution functions with those measured using the NPA.
In this context one should note that the ICRF-driven velocity space diffusion of the resonating ions can also be suppressed if their motion becomes super-adiabatic. This happens when the relative phase between the wave and the Larmor motion of a resonating ion is not sufficiently perturbed, either by collisions or non-linearly as result of the interaction with the wave, between successive transits of the ion through the ICRF resonance [10, 11, 12] . Normally the energy where the wave particle interaction becomes weak, E * , is in the high energy range where collisions are insufficient to produce the necessary stochastisation between passes, and one has to rely on non-linear effects for perturbing the orbits. However, because the wave particle interaction is weak, the orbits are only weakly perturbed and the stochastisation process is suppressed. Thus the combination of the strong reduction of the wave particle interaction around E = E * and of the super-adiabatic motion of the resonating ions can prevent the resonating ions from reaching energies above E * .
EXPERIMENTAL RESULTS
Pulse No: 39916 (ω = 2ω cH ) 8 To demonstrate the importance of the higher-order FLR effects during ICRF heating, we concentrate on two typical ICRF-only discharges on JET, one with second harmonic and the other with fundamental minority heating of hydrogen (ω ω = 2 cH and ω ω = cH , respectively). In Fig. 1 the main plasma parameters in these discharges are displayed. In the discharge with second harmonic heating a magnetic field of 1.85 T and a plasma current of 1.6 MA were used, and 7 MW of ICRF power was applied at the frequency of 51 MHz. In the discharge with fundamen-tal heating, about 10 MW of ICRF power was applied at a frequency of 42 MHz, and a magnetic field of 2.8 T and a plasma current of 2.6
MA were used. The hydrogen isotope ion mixture ratio at the plasma edge was measured to be n H /(n H +n D ) ≈ 0.14−0.16. 
COMPARISON WITH THEORY
To understand the differences in the measured ion energy distribution function in the two discharges, we have analysed them with the PION [6, 13] and FIDO [14] codes. PION calculates the time dependent evolution of the ICRF power deposition and velocity distribution of the resonating ions self-consistently using simplified models, see Refs [6, 13] for details. However, PION does not provide enough details about the distribution function to sufficiently accurately simulate the measured NPA spectrum. Instead we use the FIDO code for this purpose. The code solves Eq. (1) using a Monte Carlo method in the presence of ICRF waves, including radial transport and effects due to finite orbit widths. The calculation with FIDO is performed using measured plasma parameters taken at a time point during the steady phase of a discharge. The wave parameters and the power deposition profiles used in FIDO are taken from PION. Both in PION and FIDO simulations a realistic toroidal wave number spectrum is used, taking into account the variation of k ⊥ and polarization with the mode number. As can be seen in Fig. 3 , PION simulations show good agreement between the simulated and experimental diamagnetic energy content for both discharges. In both discharges hydrogen absorbs about 90% of the total ICRF power according to the simulations, and the rest goes mainly to direct electron damping. Most (70−90%) of the power absorbed by hydrogen is transferred collisionally to electrons. The relatively low plasma current and relatively large ion energy give rise to large ion orbits and concomitant broad collisional electron heating profile.
The profile of the collisional power transfer is broader than the power absorption profile, as can be seen in Fig.4 . As can be seen from Eq. (4), the energy at which the diffusion coefficient becomes small moves to lower energies when k ⊥ is increased. For k ⊥ ≈ 55 and 75 m -1 we have E* ≈ 1.5 MeV and 800 keV, respectively. As can be seen in Fig. 7 , the proton distribution function is indeed very sensitive to the perpendicular wave number, and the distribution function falls off strongly at the energies predicted by E*.
We now need to investigate whether super-adiabatic motion of the resonating ions alone could explain our measurements. In the two discharges analysed the launched antenna spectrum, wave frequency, and central safety factor were about the same. Thus, the magnitude of the change in energy an ion needs to receive as it passes a resonance in order to avoid superadiabatic motion should be about the same for the two discharges [10] . From the calculations we can determine the magnitude of the changes in energy the ions receive as they pass a cyclotron resonance. If we compare the changes in energy between the two distributions at around 600 keV, i.e. before the decrease in the second harmonic proton distribution, we find that they are of the same order. It is therefore unlikely that the decrease in the second harmonic proton distribution function is caused by super-adiabatic motion alone. Instead, as discussed in the introduction, the sharp decrease of the proton distribution should initially be caused by the higher-order FLR effects and when the wave particle interaction becomes weak enough, super-adiabatic motion will contribute.
CONCLUSIONS
The effect of the higher-order finite Larmor radius (FLR) correction terms on velocity space diffusion in the formation of a high-energy tail is clearly seen during ICRF heating at JET. Due to the FLR effects the wave particle interaction becomes weak at certain energies, which effectively prevents the fast ion reaching higher energies. We have shown experimental evidence for these effects from ICRF heating experiments at JET withω ω = cH and ω ω = 2 cH . Due to a relatively large k ⊥ and low magnetic field in the discharge with ω ω = 2 cH , the diffusion coefficient becomes small at a much lower energy for the second harmonic than for fundamental minority heating of hydrogen. This is clearly seen by comparing the proton distribution function measured using a high-energy NPA [3] .
It is important to quantitatively establish the existence of the higher-order FLR effects, and their influence on the evolution of the distribution function of the resonating ions, as well as on absorption of the wave power. The local absorption strength obtained from the contributions to the dielectric tensor components from the resonating ions must of course be consistent with the absorption strength in the Fokker-Planck calculations. Consequently, if the higher-order FLR effects can be identified as causing an effect on the distribution function of the resonating ions, they will also play a role for the absorption strength.
It is obvious that the FLR effects are important for second harmonic heating since the absorption mechanism depends on them even to the lowest order. However, the FLR effects can also play an important role for fundamental heating, as is clear from _ is significantly greater than one). Thus, it is clear that one has to carry out self-consistent calculations in order to accurately simulate ICRF heating in fusion plasmas.
Finally, since the distribution function of the resonating ions is sensitive to the FLR effects, there are some possibilities to tailor the extent of the fast ion tail using these effects, at least during second harmonic ICRF heating. For example, by increasing the plasma density, which increases k ⊥ and hence moves the region where the wave particle interaction becomes weak to lower energies, the fast ion could be prevented from reaching high energies.
